Geomorphologic, stratigraphic, faunistic, palynological and carbon isotope analyses were carried out in the area of the Tiber river mouth. The results depict a complex palaeoenvironmental evolution in the area of the Roman town of Ostia, ascertain the changes of the Tiber river delta over the last 6000 years and support a re-interpretation of some archaeologic issues. The wave-dominated Tiber delta evolved through three distinct phases. In the first step (5000-2700 yr BP) a delta cusp was built at the river mouth, which was located north of the present outlet. Subsequently (2700-1900 BP), an abrupt southward migration of the river mouth determined the abandonment of the previous cusp and the progradation of a new one. The third step, which is still in progress, is marked by the appearance of a complex cusp made up of two distributary channels. The transition from the first to the second evolution phase occurred in the seventh century bc and was contemporary to the foundation of Ostia, as suggested by historical accounts. However, the oldest archaeological evidence of the town of Ostia dates to the fourth century bc, when human activity is clearly recorded also by pollen data. We suggest that the first human settlement (seventh century bc) consisted of ephemeral military posts, with the aim of controlling the strategic river mouth and establishing the Ostia saltworks. Only after the fourth century bc the coastal environment was stable enough for the foundation and development of the town of Ostia.
Introduction
The Tiber river delta plain is located some 25 km west of Rome in an area of great interest for the relationships between natural environmental changes and human activity, particularly during the Roman times. Recent works coupling archaeologic and geologic data have revived the debate on the history of this area Giraudi, 2004; Giraudi et al., 2006; Goiran et al., 2007; Sadori et al., 2010) . This study is aimed at gaining new insights into the evolution of the Tiber river delta plain, so improving the survey of the foundation and expansion of historical settlements in coastal areas, a subject of growing concern throughout the Mediterranean basin (Arnaud-Fassetta and Provansal, 1999; Arnaud-Fassetta et al., 2003; Blackmann, 2005; Fouache and Pavlopoulos, 2005; Morhange, 2006, 2007; Morhange et al., 2003; Reinhardt et al., 1998; Stanley, 2005; Stanley and Bernasconi, 2006, 2009; Vella et al., 2005) . In particular, the main objectives of this study are:
• to reconstruct the progression of the deltaic cusp of the Tiber river in the last few thousands of years; • to define the changes of the vegetational landscape of the Tiber delta from the early Bronze age to the end of the Roman Empire; • to assess timing and modes of the foundation of ancient Ostia by means of a multidisciplinary palaeoenvironmental approach, and to compare the reconstructed dynamics with historical sources and archaeological evidence; • to disentangle the role of natural versus man-induced processes in stabilizing the estuarine environment occupied by the Roman settlement of Ostia.
Study area
The Tiber river delta, a microtidal wave-dominated delta supplied by mud-sandy sediments (Galloway, 1975) , stretches over some 25 km and includes a delta plain region and a submerged fan (Bellotti et al., 1994) . The plain, which is composed of a flat inner portion with alluvial-marshy sediments and an outer strand-plain (Figure 1 ), formed during the Holocene, through the transition from a former estuary (within the submerged Tiber river paleovalley) to the present wave-dominated delta (Bellotti et al., 1995; Dalrymple et al., 1992; Roy et al., 2001 ). This evolution took place following three main stages: (i) estuary (mid-transgression) with a bay-head delta, a lagoon basin and discontinuous sandy ridges at the entrance of the estuary; (ii) wave-dominated estuary (late-transgression) consequent to the bay-head delta progradation splitting the former lagoon into two basins; (iii) wavedominated delta (present highstand), following the formation of a bay-head barrier when the river mouth reached the sea; during this phase the modern strand-plain and the submarine fan originated and the final aggradation on the inner plain occurred. This evolutionary trend implies that sediment deposition, formerly constrained into the narrow estuary basin, subsequently took place in the broad coast-shelf area. Changes in sediment input, climatic variations and, more recently, human activities played a major role in the development of the delta during the highstand stage. The strand-plain margin ( Figure 1 ) marks both the innermost limit of the transgressive coastal barrier and the starting-line of the subsequent strand-plain progradation. The evolution of the delta plain is discussed in numerous papers, formerly mostly focused on morphology (Amenduni, 1884; Bocci, 1892; Chiesa and Gambarini, 1744; D'Arrigo,1932; Oberholtzer, 1875) and, more recently, on stratigraphic evidence (Bellotti et al., 1989 (Bellotti et al., , 1994 (Bellotti et al., , 1995 Belluomini et al., 1986; De Angelis d'Ossat, 1938; Dragone et al., 1967) .
The Tiber river delta plain is of great archaeological interest because of the widespread, impressive and well-preserved ruins of Roman settlements (Figure 1 ). These include the town of Ostia, whose natural harbor was the first landing place of Rome, and the town of Portus with two artificial harbor basins named after emperors Claudius and Trajan, in ad 52 and 112, respectively. Altogether, including the facilities of the nearby town of Portus, the Ostia harbor was by far the main port in terms of size and trades in the Mediterranean Sea. In addition, the Portus necropolis, at the sides of Via Flavia-Via Severiana (the Roman coastal roads starting between the two Tiber river channels), the Vicus Augustanus village and the numerous luxury patrician domus built on the S delta reach (Laurentine shore) testify to the intensive exploitation of the area. Several accounts provide detailed data on the morphology and evolution of the deltaic area where the two Imperial port basins were excavated (Bellotti et al., 2009; Di Bella et al., 2007; Giraudi et al., 2009; Goiran et al., 2009a, b; Keay et al., 2005) and the evolution of the Laurentine shore (Rendell et al., 2007) . Conversely, Ostia and its surroundings still lack a comprehensive geologic framework, and the origin of Ostia and the main features of its harbor are still debated. According to historical sources (Livy, Ab urbe condita I, 33) Ostia was founded by king Ancus Marcius around 640 bc. However, the first archaeological evidence of the pristine castrum dates back to the fourth century bc. The Ostia harbor, located on the river channel according to the written sources, is witnessed only by remnants too scant and dismantled for a sound archaeologic framework.
Materials and methods
The present multidisciplinary study is based on the following materials and methods: Ossat (1938) , by means of an AF coring system produced by AFgtc s.r.l. (Ambrosio et al., 1999; Principe et al., 1997 C and C/N ratios, measured on specimens of the cored sediments selected according to the nature of the organic relics, stratigraphy and environmental implications. The 14 C readings were taken with the LSC (Liquid Scintillation Counting) technique except sample LTL4271A, whose modest weight required the AMS (Accelerator Mass Spectrometry) technique. Samples were preliminary mechanically and chemically processed to remove inorganic/organic contaminants: protocol details are reported elsewhere (Calderoni and Petrone, 1992) . The C/N and 13 C/ 12 C ratios of the organic matter were measured by means of an elemental C and N analyzer and a Finnigan mass-spectrometer, respectively. (e) Palaeontological analysis: 25 sediment samples were analysed from different depths from the six cores. Molluscs and foraminifers have been recorded. The specimens of the species from each distinct mollusc assemblage have been counted. The adopted distinctive ecological character of each species (ecological classes) complies with the classical guidelines after Ložek (1964) for Quaternary non-marine molluscs.
As for the non-marine taxa not reported by Ložek (1964) , the ecological requirements for each species follow Kerney and Cameron (1979) and Giusti and Castagnolo (1982) . The ecological attribution of brackish taxa is defined after Pérès and Picard (1964) . The palaeoenvironmental reconstruction for the individual assemblages relies on the quantitative data of molluscs and the presence of foraminifers. (f) Pollen analysis: 20 samples from core S5 were chemically treated with HCl (37%), HF (40%) and NaOH (10%). Pollen grains were identified according to Beug (2004) , Reille (1992 Reille ( , 1995 Reille ( , 1998 ) and the reference collection at 'Sapienza' University (Rome). In average more than 300 terrestrial pollen grains/sample were counted. The pollen diagram was plotted using the computer program Psimpoll 4.25 (Bennett, 2005) . The main percentage sum is based on terrestrial pollen, excluding pollen of hydrophytes, ferns and non-pollen palynomorphs (NPPs).
Results

Geomorphology
At Capo due Rami (Figure 1 ; c. 3 km inland) the Tiber river splits into two distributaries. The subordinate one (Fiumicino channel), flowing almost perpendicular to the coast, is the evolution of a Roman artificial channel (Fossa Traiana) dredged in the first-second century ad to connect the Imperial harbor to the Tiber river. The main distributary (Fiumara Grande) first parallels the coast over c. 1.5 km, then turns to WSW with a sharp elbow-shaped curve, and reaches the sea. Until September 1557, Fiumara Grande formed a wide meander c. 0.8 km landward before reverting seaward (M in Figure 1 ). Most of the Roman Ostia town spread on the Fiumara Grande left bank, close to the mouth of Tiber river in Roman times. According to Dionysius of Halicarnassus (Romanae Antiquitates, III, 44) in the first century bc the harbor provided landing facilities to vessels of up to 3000 moggi (some 9 tons of displacement), though confined in the Fiumara Grande channel. The meander bank was close to the edge of a coastal lake/marsh, known as Lacus Ostiae (Livy, Ab urbe condita XXVII, 11, 2). Bertacchi (1960) argued that this coastal natural basin could have been used as an ancillary harbor . The marshy area, partly below the sea level, was fully reclaimed at the end of the nineteenth century (Amenduni, 1884) . Based on different approaches, the pre-Roman mouth of the Tiber river was considered to be located N of the present one, in the area now encompassing the Fiumicino channel and Capo due Rami (Giraudi, 2004; Giraudi et al., 2006 Giraudi et al., , 2009 Goiran et al., 2007) . This ancient river mouth, resulting from the evolution of the bay-head delta of 7000 BP , is revealed by the change of the beach ridge pattern from parallel to divergent, as pointed out by a magnetometric survey (Figure 2 ; Keay et al., 2005) . Giraudi (2004) and Giraudi et al. (2006) argue that the pre-Roman river mouth prograded over some 2.5 km before being definitively abandoned at 760-410 cal. bc (Giraudi et al., 2009) or 790-370 cal. bc (Goiran et al., 2009b) .
On the W rim of the ancient Ostia marsh, the aerial photographs show a 0.2 km wide belt of beach ridges, NW-SE oriented (α in Figure 3 ) along with a belt of WNW-ESE aligned ridges (β in Figure 3 ), stemming from the W limit of α. This latter (β) is recognizable from its origin up to near the left bank of the meander cut off in 1557, close to the Roman Ostia ruins. The insertion angle between the ridges of the two belts, some 10° for both the innermost and the outermost ones, rises to 30° for the intermediate ridges. The insertion of each ridge on the preceding one shifts away from the channel, in agreement with the 'c' and 'd' accreting patterns in the Arno river strand-plain (Kukavicic and Pranzini, 2003) . Moving seaward, the beach ridges on which most of Roman Ostia is found are confined and cut by the single beach ridge γ (Figure 3 ), fairly conforming to the 'g' eroding pattern after Kukavicic and Pranzini (2003) . The γ beach ridge marks a smoothed coastline stretching southward from Torre Boacciana (a military tower, recurrently restored up to ad 1420 and supposedly built on the Roman lighthouse) to Porta Marina (a passageway to the sea through the Ostia walls erected by dictator Lucius Cornelius Sulla Felix in 80 bc).
North of the Fiumara Grande meander abandoned in 1557, no beach ridges are found; however, the channel swinging, which produced the abandonment of the meander, has been tracked. On the right bank of the present channel the only relic of the ridge belt β is found as a feebly curved ridge intercepting the channel just upstream of Torre Boacciana. This shows a smooth flex close to the Fiumicino channel, where the most ancient cusp likely developed. Seaward, the N reach of the γ line appears as a weakly curved beach ridge almost paralleling the Imperial Portus-Ostia road. Finally, the most westward beach ridges belt (δ in Figure 3 ) pinpoints the post-Roman progradation at the mouths of the Fiumicino channel (excavated during the second century ad) and Fiumara Grande.
Stratigraphy
In addition to a thorough review of the stratigraphy of previous cores from the former Ostia marsh and its vicinity (De Angelis d'Ossat, 1938) , new chronostratigraphic and palaeoenvironmental data are provided by six sediment cores ( Figure 3 ). Cores S1 and S6 come from the most ancient beach ridges belt α, and the W rim of the marsh, respectively. Cores S2, S3, S4 and S5 were drilled in the former Ostia marsh. The stratigraphy and environmental reconstruction of the drilled sediments are summarized in Figure 4 . Cores S1 and S6 display foreshore, backshore, dune and backdune sediments. A subfossil bone from the backshore sediments of S1 has been dated at 1890-1750 cal. bc (Table 1) . sssA buried construction, revealed by brick, travertine and mortar fragments, constrained S6 core to a depth of 2.2 m; this core is located 100 m northward a buried wall uncovered in 1959 (Isaja and Lattanzi, 1992) , recently excavated and tentatively referred to a pier remnant.
An almost clast-free peat level retrieved in cores S3 and S5 indicates a significant hiatus of marine and/or fluviatile input into the coastal lacustrine/marsh basin. A fluvial fill at the bottom of core S2, beneath brackish sediments, consists of thin muddy-sand sharp-based levels with some current ripple laminations, intercalated within dissected mud and calcretes including terrestrial mollusc fragments. Scant peat debris at c. 1 m depth in the S4 core were likely reworked and scattered within sediments of supposedly coastal marsh environment. The facies at the bottom of S4 is uncertain because of the absence of sedimentary structures and fossils.
C readings, C/N and
13
C/ 12 C ratios Table 1 shows the analytical results for the measured samples along with a few details on their origin and nature. In particular 14 C ages, calculated according to conventions and recommendations after Stuiver and Polach (1972) , are reported at the ± 1σ level of uncertainty as yr BP and cal. bc. To point out at first glance the chronological relationships between natural events and the archaeological framework, both new and literature 14 C ages mentioned in the text are expressed as calibrated bc/ad intervals. The calibration software after Ramsey (2005) has been used throughout.
The investigated area experienced a complex evolution, reflected on the one hand by the stratigraphic array and on the other by the recurrent change in space and time of the represented sedimentation environments. In such a context the feasibility of 14 C chronology is heavily hampered by the availability of materials fully complying with the compulsory prerequisites of 14 C dating in terms of origin and nature. A previous study (Calderoni et al., 1997) reported several examples of biased ages yielded by organics scattered in a deltaic sedimentary suite due to the alternating organic matter inputs from terrestrial vegetation, marine sources and floating/submerged pondweeds living in the marshy and lagoonal environment. To insure against this risk we previously checked, by means of the 13 C/ 12 C and C/N ratios, whether the dated organic debris were derived from plant material formed through assimilation of tropospheric CO 2 and therefore suitable for dating.
Apart from a small bone fragment (sample LTL4271A, 1890-1750 cal. bc) the analyzed samples consisted of a finegrained mineral matrix with abundant content of organic matter, compacted and severely humified by diagenesis. In some samples the occurrence of macroscopic vegetal litter debris was not evident: their uniform black color, however, depended on the notable humic matter content, likely originated in situ from the breakdown of the ancestor, and trapped by the clay and silt minerals. The organic matter survival, particularly for the less refractory fractions dispersed at macromolecular level, was favoured by acid pH values (because of the carboxylic groups of the first formed humic matter) coupled with reducing conditions (because the fine grained sediments were an effective barrier against oxygen penetration). The C/N ratio dated organic matter ranges from 16.0 (Rome-2066) to 12.8 (Rome-2068), thus matching the values reported for organic relicts resulting from break down of subaerial plant biomass (Prahl et al., 1980) . The variability exhibited by the C/N ratios is accounted for by the different decomposition pathways, locally experienced by the vegetal debris, which removed selectively the constituents of the primitive organic matter input. The C/N ratios suggest that the dated organic matter reasonably derives from only one source, in particular from subaerial vegetation. The δ 13 C values, ranging from −26.0 (‰) (Rome-2066) to −23.4 (‰) (Rome-2070), are typical of terrestrial vegetation remnants (C3 pathway cycle), subjected to a mild early diagenesis causing only a slight 13 C enrichment due to the customary selective removal of the 12 C-enriched constituents. Thus, the δ 13 C values are consistent with the C/N ratios in suggesting a parental subaerial vegetation for the dated organic matter. Further, the δ 13 C values for the sample pairs Rome-2066/-2067 and Rome-2069/-2070 are of some concern, as in both cases a clear trend of 13 C rising with depth is noticeable. As the C isotope composition of organic matter during the first diagenesis turns heavier with time, the observed trend rules out any reworking of the cored sequence, Keay et al., 2005) showing the oldest beach ridges to the right of the Tiber river. The ridges were cut by the artificial channels (arrows) dug during the construction of the Claudius and Trajan harbors (first and second centuries ad). The gray area on the upper left side shows the location of the bay-head delta around 7000 yr BP therefore strengthening reliability and significance of the 14 C readings. Including the bone sample LTL4721A, 14 C readings cluster at c. 900-540 cal. bc and c. 1900-1200 cal. bc, thus spanning the last 3500 years. For cores S3 and S5, which provided two organic matter layers at distinct depths, a fair chronostratigraphic coherence is evident: in core S3 the 14 C readings were 2720±50 (Rome-2066, 2.0 m) and 3465±55 BP (Rome-2067, 3.1 m) and in core S5 2555±50 (Rome-2069, 3.0 m) and 3375±55 BP (Rome-2070, 4.2 m), respectively. The different depths where synchronous organic matter deposits occur depend upon the variable palaeosurface of the marsh bottom and the effects of the compaction process. Thus, the four datings suggest that the marsh witnessed two low-energy phases, separated by some 700/800 years, suitable for the development of a freshwater aquatic environment. The two 14 C readings for core S4, Rome-2068 and Rome -2071, are relative to the same level, 1.1 m deep, which contained organic matter distributed in macro aggregates as nodules and/or discontinuous thin layers. This level was dated in duplicate because the poor organics content in the first sample (Rome-2071) gave rise to a reading (3170 BP) affected by 100 years of uncertainty. Sediment from a very close core yielded, at the same depth, a more adequate amount of material, dated (Rome-2068) at 3040±55 BP. By considering the uncertainties, the two ages are undistinguishable at ± 1σ level and therefore their weighted mean (3070±50 BP) has been considered. Owing to its discontinuous distribution, the origin of the organic matter in this level is puzzling, as it can be referred either to scattered primary small accumulation spots or to a secondary deposition. For this reason, we do not rely on the age of this level to implement the overall framework of the study area.
Faunas
Widespread mollusc assemblages and frequent foraminifers were found in the collected sediments. Bottom to top, the identified faunal assemblages are as follows (Table 2): (1) Core S1. At −2.30 m, few reworked fragmentary decalcified hinges of marine or brackish bivalves (Abra sp., Cardiidae indet.) occur. Scarce terrestrial molluscs, mainly represented by the gastropods Theba pisana and Cochlicella barbara, characteristic of a backdune environment (Giusti and Castagnolo, 1982) , are present in the sandy sediments of the upper part of the core. Uncertainty ranges from ± 0.25 to ± 0.15 permill. 
Palynology
The results of pollen analysis (core S5) are presented as a percentage diagram in Figure 5 . Selected taxa of the following ecological groups are displayed: conifers, riparian trees, deciduous trees, evergreen trees and shrubs, anthropic indicators, herbaceous taxa, hydrophytes, ferns, and NPPs. Pollen was generally well preserved, with less than 8% of indeterminable grains. The pollen record reveals a high floristic richness: 98 taxa have been identified, including pollen, spores and other palynomorphs. The pollen diagram highlights the vegetation history from c. 1900 bc to ad 600. Between 1900 and 600 bc (pollen zone Ost S5-a) the marshland S of the Tiber delta was characterized by sedge vegetation. The presence of Nymphaeaceae, Lythraceae, Callitriche and Myriophyllum points to a freshwater pond. Around 1100 bc there is evidence of a possible temporary drying of the marsh, colonized by pioneer taxa, as suggested by peaks of Asteroideae, Apiaceae and ferns. This hypothesis is supported by high values of Pseudoschizaea and Glomus, indicating temporary desiccations with erosional processes in the basin (Pantaleón-Cano et al., 2003; Scott, 1992; van Geel, 1986) . Regionally, between 1900 and 600 bc the landscape was covered by a mixed oak-dominated woodland with evergreen elements. Locally, as a consequence of the accretion of the delta cusp, after c. 1000 bc there is a spread of arboreal vegetation, especially evergreen and deciduous Quercus and Juniperus, suggesting the expansion of forest communities on the newly available land. Indicators of human activity are scanty, probably because of environmental instability and/or unhealthiness of the marshy area.
Around 600 bc (pollen zone Ost S5-b), in correspondence with a lithological change from peat to clayey sediments, a hydrological change is recorded, involving the vegetation of both local aquatic domain and surrounding landscape. A sharp peak of foraminiferal lining (Figure 5) , absent in the underlying pollen zone, points to a sudden intrusion of sea water into the basin (Limaye et al., 2007) . As a consequence, a saline/brackish environment developed, also documented by the definitive disappearance of freshwater hydrophytes, an increase of Chenopodiaceae, and the appearance of Ruppia. Around 450 bc, a significant amount of cultivated and anthropochore plants is recorded, including a clear increase of Olea, Vitis, and Cannabaceae, along with a progressive appearance of cereals, Mercurialis, Juglans, and Castanea. The appareance of Pinus pinaster/pinea type suggests the introduction of cultivated pines by Romans. Comparable increases of Pinus pinaster/pinea have been also reported from several other sites of the central Mediterranean regions since the first century bc (Di Rita et al., 2010) .
From 600 bc to ad 600 (pollen zone Ost S5-b), the arboreal vegetation was characterized by deciduous and evergreen oakdominated forests. Mixed deciduous woodlands represented the main regional vegetation type inland (Magri and Sadori, 1999; Mercuri et al., 2002) . Deciduous oaks also formed widespread planitial forests along the Tyrrhenian coast of the Lazio region (Di Rita et al., 2010) , as it is still testified by modern remnants of natural vegetation in protected areas (Lucchese, 1996; Manes et al., 1997) . The evergreen vegetation, well represented in the pollen diagram though progressively declining, was mainly distributed seaward and likely formed coastal 'macchia' woodlands and patchy communities within the mixed planitial forest.
Since the first century ad, a further dramatic increase of chenopods, peaking atop the sequence, is consistent with the development of saltworks, historically documented at Ostia during Imperial times. This trend is almost synchronous with an important increase of chenopods in the S portion of the Maccarese pond, located just N of the Tiber river delta (Di Rita et al., 2010) , confirming the extensive exploitation of the large saltworks known as Campus Salinarum Romanarum (Lanciani, 1888) . The increase of Cichorioideae and Chenopodiaceae detected atop the core sediments may be partly ascribed to selective pollen preservation due to sediment erosion processes, as indicated by a parallel increase of Glomus.
Discussion
According to the geomorphologic analysis, α is the most ancient ridge belt (Figure 3) . It originated during the first episodes of the strand-plain formation, due to the conspicuous infilling of the former estuary basin because of the progressive deposition of the river solid load seaward. According to Giraudi (2004) , the most ancient ridges (α belt), both N and S of the Tiber river, date back to 5700-6000 BP. Bellotti et al. (2007) argued that the transgressive coastal barrier stopped migrating inland around 7000 BP. When the Tiber river started discharging directly into the sea, the ancient estuary basin was split into two coastal lakes.
The northern basin (Maccarese pond), poorly communicating with the sea since around 5500 BP, has been the subject of many studies (Bellotti et al., 1995 Belluomini et al., 1986; Carboni et al., 1998; Di Rita et al., 2010; Giraudi, 2002 Giraudi, , 2004 Giraudi et al., 2006) . By contrast, satisfactory data on the origin and evolution of the southern basin (Ostia marsh) are lacking. Our new evidence provides an ante quem terminus of some 4000 BP for its full development.
The slowly accreted delta cusp N of the present Fiumicino channel (α in Figure 3 ) formed following the progradation of a distributary mouth lying on the prolongation of a buried fluvial deposit . The appearance of this feature, likely under accretion around 3000 bc, pinpoints the embryonic phase of the wave-dominated Tiber river delta. Giraudi (2004) reported a delta cusp in this area and suggested that its dismantled relics could have been part of the seaward protection of Claudius harbor (Giraudi et al., 2006 (Giraudi et al., , 2009 .
The migration of the Tiber river channel forming the first cusp was over at 760-410 cal. bc (Giraudi et al., 2009) or at 790-370 cal. bc (Goiran et al., 2009b) . Before migrating, the Tiber river did not flood into the Ostia marsh, as indicated by the continuous peat level in cores S3 and S5, dated between 1880 and 540 cal. bc. A rough estimation of the peat deposition rate, based on level thickness and 14 C readings, is 1.40 mm/yr. The overall stratigraphy of cores S2 and S3 (located in the northernmost part of the marsh) suggests that peat levels underly fluvial sediments. A sharp contact between peat and fluvial sediments is reported by De Angelis d'Ossat (1938) in his core 3. This sudden change of sedimentation pattern was possibly produced by a disruption of the left bank of the distributary. The consequent input of river water into the Ostia marsh implied solid load aggradation into its N reach (Figure 3 ). If so, the age 810-540 cal. bc (top of the peat level in core S5) may reasonably represent the beginning of the Tiber river discharge into the marsh, in agreement with the ages 760-410 and 790-370 cal. bc suggested by Giraudi et al. (2009) and Goiran et al. (2009b) , respectively.
The Tiber river inflow rapidly raised the water level in the marsh (cf. the increase of Alnus, Figure 5 ), producing a new outlet through the sandy ridge belt, reaching the sea c. 2 km southeast of the previous river mouth (Figure 3) . A sudden input of marine water into the basin is indicated by a peak of foraminiferal lining and the appearance of Ruppia at the basis of the clastic sediments in core S5 ( Figure 5) . A brackish environment is confirmed in cores S2, S3 and S5 by the mollusc record. Assuming for the top of S5 the age ad 1890, corresponding to the beginning of the reclamation, the clastic sedimentation rate after the peat deposition can be roughly estimated 1.25 mm/yr. At the mouth of the new outlet a cusp formed, while the old one, no longer fed, underwent erosion. The river channel migration caused the new cusp to develop through a progressive cannibalization of the beach ridges on its right wing. The beach ridges accretion pattern reflects the fast growth of the new cusp, which was almost fully developed in the fourth century bc, as indicated by the location of the Ostia castrum on its left wing (Figure 3) . The mouth progradation rate has been estimated 6 m/yr, a value not very dissimilar from the 9 m/yr measured at Fiumara Grande in the 1569-1744 timespan (Bersani and Moretti, 2008) . This fast progradation rate likely gave origin to a cusp with elongated apex, a feature consistent with the historical account of Dionysius of Halicarnassus (first century bc), who defined the Tiber river banks as 'very seaward projected'. The dropping of the insertion angle shown by the most recent ridges of the cusp (β belt) reveals a decline of their growth rate, implying the erosion of the apex, as suggested by both the erosion pattern of the beach ridges and the smoothly curved shoreline (γ line). According to historical sources, this erosive process was underway in the third century ad. Minucius Felix (Octavius II, (3) (4) III, (2) (3) (4) (5) IV, 5) claimed that the almost straight shoreline in front of Porta Marina was protected by a stony barrier and an ad 238 epigraph mentions stone blocks arranged as a protection of the seaward side of Via Severiana southward the Tiber river mouth (Lanciani, 1903) . Further, Cassius Dio (Hist. Rom. 60, 11, 1 ss) chronicled that 'close to the mouth the Tiber river banks did not provide enough protection for the vessels any more', thus hinting that the harbor potentialities, besides being inadequate for the huge trades of the Roman Empire, were also constrained by ongoing adverse environmental conditions.
After the Roman times, progradation (δ ridge belt) re-started at the mouths of Fiumara Grande and, discontinuously, of the Fiumicino channel (Figure 6 ). The last progradation cycle (from the Renaissance to the nineteenth century, Figure 6 ) progressively hampered the functionality of the Imperial harbor, which was progressively isolated from the sea and definitively abandoned.
Although the above-mentioned environmental changes were strictly controlled by the local morphogenesis, they did also reflect global rapid climatic changes (RCC) events. In fact, the timing of the southward migration of the Tiber river mouth fits the 1550-550 cal. bc cooling phase (Mayewski et al., 2004 ) which corresponds to a humid phase (Lirer et al., 2009) for the Eastern Tyrrhenian margin. The increased river discharge on the one hand triggered the river channel instability and on the other hand sped up the progradation of the new cusp, so that the estimated progradation rate (6 m/ yr) agrees with other records of the 'Little Ice Age' (LIA) (Bersani and Moretti, 2008) . The erosion phase corresponding to the γ line reveals a warm climate episode before the first post-Roman progradation and almost contemporary to the cold/humid RCC event backdated at 750-950 cal. ad (Mayewski et al., 2004) .
Far more intriguing is to asses the role of human activity in the dynamics of the environmental changes over the seventh to fifth centuries bc, that is during the early development of Ostia. Around 600 bc, a sudden sea water intrusion appears to be the main factor turning the freshwater body into a saltmarsh. It is difficult to ascertain whether this event was caused by an entirely natural opening of the sandy barrier towards the sea, or it was also influenced by a deliberate human action. The latter hypothesis is consistent with written sources, indicating that Ostia was founded in 640 bc to control the local saltworks. In the Maccarese pond north of the Tiber delta, well documented Etruscan saltworks of the sixth century bc (Morelli et al., 2004 ) are recorded by a modest increase of chenopods (Di Rita et al., 2010) . The coeval increase of chenopods in the Ostia S5 record, complemented by the appearance of Ruppia, is much more evident and supports the hypothesis that the Romans may have taken advantage of a sudden sea water intrusion event to set the Ostia saltworks. This conclusion highlights also the possibility that around 600 bc the disruption of the narrow sandy barrier may have been favoured and successively managed by the Romans, with the aim of converting the area in saltworks. Though trivial, we recall that the Romans lacked neither cheap manpower nor hydraulic engineering knowledge. However, archaeological data point out that the Ostia settlement spread and gained importance only in the fourth century, more or less contemporarily with the significant appearance of cultivated and anthropochore plants in the pollen diagram.
Conclusions
The Tiber river delta strand-plain developed through three main river migration steps recorded by the distinct position of the correspondent beach ridge deltaic cusp. In the first step, from c. 3000 bc to the eighth to seventh centuries bc, a cusp developed over the area stretching from the present Capo due Rami to the site where the Imperial harbor was subsequently built. Both the cusp and the coeval rectilinear beach-ridges rimming the Ostia marsh are suggestive of an arcuate shoreline of the embryonal wave-dominated delta. The transition to the next stage is marked by an abrupt Tiber river discharge into the Ostia marsh. The marsh flooding is pointed out by the landward shift of the fluvial channel which originated the Fiumara Grande meander. After the opening of the Fiumicino channel (early second century ad) the delta progradation resulted in a complex cusp system built up by the two distributaries almost simultaneously active (third evolution phase). The progradation is still ongoing, having particularly intensified Figure 6 . Main changes of the Tiber river mouth location during the strand-plain evolution over the last 500 years. The timing of the main strand-plain evolution phases possibly matches some global rapid climatic changes. In particular, cold/humid periods affected the mouth stability (causing avulsions and/or progradation) and, conversely, warm/ dry phases eroded the deltaic beach.
The vegetation of Tiber delta experienced major changes, involving both terrestrial and aquatic environment, in response to the progression of the deltaic cusp and of the shifts of the Tiber distributary. Between 1900 and 600 bc the landscape was covered by a mixed oak-dominated woodland with evergreen elements. The marshland S of the Tiber delta was characterized by sedge vegetation in a freshwater environment. Around 600 bc, the sudden intrusion of sea water into the basin induced a saline/ brackish environment and changed the marshland into a chenopoddominated saltmarsh with widgeon grass meadows. From 450 bc onwards, a significant amount of cultivated and anthropochore plants indicates an intensive exploitation of the area by human communities. High frequencies of chenopods suggest the existence of local saltworks, which had a considerable development in Imperial times (first century bc).
Our results clarify the apparent discrepancy between historical sources and archaeological evidence, which set the origin of Ostia around 640 bc and the fourth century bc, respectively. Around 640 bc, the Tiber river mouth had just migrated, and the new cusp had not yet formed (early second phase). Thus, the beach-barrier separating the Ostia marsh from the sea was still too narrow and unsafe against storms and/or river mouth migrations for permanent human occupation. Further, even the immediately inland area, mostly marshy and crossed by a migrating river channel, could hardly provide adequate settlement locations. Therefore, in the seventh century bc there could be only an outpost with the purpose of controlling the strategic river mouth and, possibly, setting up salt extraction from the marsh. In fact, starting from approximately 600 bc both pollen and mollusc data indicate that the marsh turned into a brackish environment. Only subsequently, around 450 bc, when the cusp extended more than 1 km seaward, the available sandy land was wide and safe enough to set a fortified camp (castrum) and develop saltworks. Brick, travertine and mortar fragments at the bottom of core S6 from the edge of the Ostia marsh suggest the presence of permanent buildings, likely belonging to peripheral infrastructures of the harbor.
The geomorphologic, sedimentologic and palynological data from the ancient marsh of Ostia highlight complex sea-lake-man interactions. While the natural progradation of the delta cusp was the main factor determining the land availability for the construction of the town of Ostia, it cannot be excluded that the Romans could have so intensively managed this territory since 600 bc onward to modify its physiography. In fact, they probably established the saltworks in the Ostia marsh managing, and possibly causing, the disruption of the sandy barrier between the Ostia marsh and the Tyrrhenian Sea.
